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1. INTRODUCTION

1.1 GOAL OF THE STUDY

The study presentedherehasbeenperformedby CLS for HUGHES STX CORPORATION
under subcontract agreement n°96-3056-K1196.

The goal of the study is to identify and calibratethe bestpossiblemodel for the GEOSAT
altimeter seastatebias (SSB). This study is basedon the new JGM3 GeophysicalData
Records recently prepared by NOAA (Cheney, 1996)

1.2 PRINCIPLE FOR SEA STATE BIAS ESTIMATION

The SSB determinatiormethodusedherewas developedoy Gasparet al. (1994) to estimate
and operationally monitor the SSB of the TOPEX and POSEIDON altimétesutline of the

methodis providedbelow. For a detaileddescriptionthe readeris referredto Gasparet al.

(1994).

The altimeter-derivedSea Surface Height (SSH) relative to the referenceellipsoid can be
decomposed as :

SSH = SSH’ - SSB. (1)

where SSH' simply is the SSH measurement beS@B correction. The goal of this work is

to find a modeledseastatebias (SSB,) that minimizesthe varianceof ASSH, the crossover

differences. The candidateSSB modelsare chosenfrom a hierarchyof simple linear models
linking SSB to the significant waveeight(SWH) andwind speed(U). The generalformula-
tion of these models is :

SSBy = SWH[a; + % SWH + a U + ag SWH2 + & U2 + a5 SWH U] (2)

The models being linear, parameter estimation reduces to a simple, ganeitligriate,linear
regression problem. The regression reads :

ASSH'= g + ASSB, +¢ (3)
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whereA denotes measurement differencing at a crossover pasrteregressiorresidualand

a, Is a dummy coefficientformally neededas the meanof ASSH’ might not be exactly zero.

Seriesof regressionsare performedwith modelsbasedon (2) startingwith the simplest1-
parameter model (BM1) :

SSBy, = & SWH (4)

and progressively increasing the number of adjustable parameters. The model finally selected
the model :
a) with the smallest possible number of adjustable parameters,
b) with regressiorresidualsthat are aslittle correlatedas possiblewith the regressor{SWH
and U).
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2. DATA SET

2.1 DATA CONTENT

Based on the new JGM3 GEOSAT GDRs, NOAA prepared and progidechpletecrossover
data set (Lillibridge, 1996; personal communication). This data set covers :

» the whole Gravity Mission (GM) from March 31, 1985 to October 4, 1986;

» cycles1 to 44 of the Exact RepeatMission (ERM) from November8, 1986 to Novem-
ber 27, 1988).

The crossover differences are computed over individual cycles (17fdayisg ERM andover

periods of 23 days, corresponding to an orbital pseudo-cycle, for the GM. The dattuses

24 such pseudo-cycles.

The new JGM3 GDRs featureseveralimportantimprovementcomparedto the T2-GDRs of
Cheney et al. (1991), the most importanesbeingthe JGM-3 orbit (Williamson andNerem,
1994)andthe CSR 3.0 oceantide model (Eanes,1994). The otherchangesare describedn
the JGM3 GDR handbook (Cheney, 1996). For theamdidry tropospheriaorrections two
fields can be chosen from the the GDRs :

* Wet : TOVS/SSMicorrection(alreadyfeaturedin the T2-GDRs)or the correctiondeduced
from the recent NMC reanalysis (Kalnay et al., 1996)

* Dry : correctiondeducedfrom the ECMWF model analysis(alreadyfeaturedin the T2-
GDRs) or from the NMC model reanalyis.

For the wet troposphericcorrection,we chosethe NMC solution as it provides a slightly
smaller variance ahe crossoverdifferencesand, moreimportantly, uninterruptecddataseries.
For the dry tropospheric correctiorise 2 proposedcorrectionsare virtually identicalin terms
of variance of the crossover differences. We decided to use the NMC valuestse weitand
dry troposphericcorrectionsconsistentlycome from the same meteorologicalanalysis. The
inverse barometer correction is then deduced from the NMC dry tropospheric correction.

The wind speeds deducedrom the backscattecoefficient(g,) using the Freilich and Chal-

lenor (1994) Rayleigh-based relatiohlumericalinversionof this function providesthe 19.5-

m neutral stability wind speed as a functiorogf This wind speed is thetivided by 1.057 to
obtain the 10-m neutral stability wind speed (U) (e.g. Witter and Chelton, 1991a).
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2.2 DATA EDITING

Before performing SSB analysis,anomalousor unreliable crossoverdata were eliminated.
This is the case for all measurements

» with missing standard corrections

» with crossover differences larger than 0.5 m (in absolute value)
e with SWH>11m

» with U<1.5 m/s or U>20 m/s

Also, GEOSAT mispointing iknown to adverselyaffect altimeterperformanceEstimationof

SWH ando,, is specially sensitive to this problem. As recommendedliBneyetal. (1991),

measurements with>1.1° are considered unreliable and are discarded.

After dataediting, the numberof validatedcrossoverss closeto 1,096,000. This includes
647,000 crossovers from the GAmd449,000from the ERM. The meannumberof dataper
(pseudo-)cycle is thus about 27,000 for the GM and slightly over 10,000 for the ERM.

The standard deviation of the crossogtigferences(before SSB correction)is 14.1 cm for the
GM, 14.3 cm for the ERM and 14.2 cm for the glof@aM+ERM) dataset, a truly remarkable
result when compared to the 30 to 40 cm rms differences obtained with the T2-GDRs.
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3. PRELIMINARY DATA ANALYSIS

The presence of the SSB is easily detectaghcorrecteccrossoverdifferences(ASSH’) when
theseare binned as a function of ASWH or AU. For example,if the SSB was simply a
constant fraction of SWH, as modeled by BM1, difeerenceASSH’ would containa term a,
ASWH appearingasa linear trendwhenASSH’ is plotted as a function of ASWH. Sucha
linear trend is detectedin figure 1a, but only for small values of ASWH (ASWH | <2m).
Deviationsfrom linearity appearat largervaluesof ASWH. The SSBis also known to vary

with wind speed. Accordinglycoherentchangesof ASSH’ asa function of AU areobserved

(figure 1b).

More surprisingly,figure 1c revealsvariationsof ASSH’ asa function of A, indicating that

the rangemeasurementstill containan uncorrectedattitude effect. This effect causesmean

range differences of 2 to 3 cm wh& exceed$).5°. This unexpectedehavioris investigated

in the next section.
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4. THE RESIDUAL ATTITUDE BIAS

4.1 A MODEL FOR THE RESIDUAL ATTITUDE BIAS

The impactof mispointingon altimeter rangemeasurements well known. Brown (1977)
showed that off-nadir pointing (of typically a feenthsof a degree)nducesa rangemeasure-
menterror proportionalto the squareof the attitude angle, the proportionality factor being a
function of SWH. Based onumericalsimulationsof the POSEIDONaltimeterperformance
Raizonville (1986) showedthat this error, hereafterreferredto as the attitude bias (ATB), is
well approximated by

ATB = (b + ¢ SWH)E? (5)

where b and c are constant coefficiemdthough GEOSAT rangemeasurementare corrected
for an attitude biadjgure 1c indicatesthat the appliedcorrectiondoesnot totally eliminatethe

attitude-related error. It is likely that the residual e(®@TB) still is, dominantly,of the form
(5). If this is the case,the SWH-relatedcomponentof this error (SWH &) will inevitably

perturb our SSB estimationbasedon regressionswvith modelslike (2). The term purely
proportional tcE? is less of a problem as tiempirical) correlationbetweené? and SWH or U
is very weak (the order of 0.01). Fortunately, it appears thaetidualattitudebias observed

in the GEOSAT data is well represented by the simple model :

OATB = b [§2- <€%] (6)

where <€?>is the averagevalue of &* (in this case,0.45 degred. This constantterm is

(arbitrarily) added t@ATB to makesurethat the averagecorrectionis zeroandthereforedoes

not change the measured mean sea level. The mpadeheteb is determinedo minimize the
variance of the corrected crossover differences, i.e. it is deduced from the simple regression :

ASSH'= h+ bAE? +¢ @)

whereb, is a dummy coefficient. This regressionperformedwith the global (GM + ERM)

crossoverdataset, yields b =003 m/degreé whereP is the estimatedvalue of b. The
explained variance is 1.63 ém
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Figure 2 showsthe residualsof regression(7) plotted as a function of AE. They are now

negligibly small thereby indicating that the simple correc{@®nhaseliminatednearlyall of the

remainingattitudebias. Residualsof this sameregressiomlottedas a function of ASWH and
AU arevirtually indistinguishabldrom thoseplotted in figure 1, therebyconfirming that the

modeledATB is not significantly correlated with SWH and U.

4.2 ANALYSIS OF THE BIAS

To evaluate the uncertainty &] we performedseriesof regression(7) with individual repeat

cyclesor pseudo-cycles.The estimatef b for each(pseudo-)cycleare plotted in figure 3.

Notice that the results for the ERM cycles are plotted first (cycles 1 tdHdP4 GM pseudo-

cycles are (arbitrarily) numbered 45 to 68. Figure 3 reveals two surprising features :

1) Estimatesof b are more scatteredduring the GM than during the ERM : their standard
deviation is 0.02 m/degréfor the GM and only 0.01 m/degrder the ERM.

2) The estimate of b deduced form the whole datdaset 0.03 m/degréeis clearlylow when
compared to the individual estimates, which mean value looks closer to 0.04 ni/degree

The scatterof b duringthe GM is surprisingbecausehe numberof crossoverdatain each
pseudo-cycle is (on average) 2.7 times larger than the nwhbdatain eachERM cycle. The

standard deviation d? for the GM shouldthereforebe roughly 1.6 («P_-T) time smallerthan
the standarddeviationfor the ERM. Quite the contrary,one observesan increasedsariability
during the GM. Thigertainlyindicatesthat the residualattitudebias hasa more complexand
variable behavior during the GM than during the ERM.

The low estimateof b deducedfrom the regressiorwith the whole data set appearsto be
essentiallydueto GM dataand, in particular,to a few anomalouspseudo-cyclegnumbered
45,47,58and 59, in figure 3) for which the estimatedvalue of b is close to zero or even
negative. This is confirmedwhen performing regression(7) with the GM and ERM data

separately. Regression yieIBs0.038 for the ERM anB =0.026 for the GM. But whethe 4
anomalouspseudo-cyclesare eliminated from the GM data set, the estimatedvalue of b
becomes 0.039, in excellent agreement with the ERM estimate.

Furtherexaminationof the attitudebiasandits variability would be useful but is beyondthe
scope of the present work. At this stage, our findings can be summarized as follows :
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1) the range measurements in the GEOSAT JGM3 GDRs clearly caresidualattitudebias
(0ATB)

2) this bias is generally well represented by the simple modeb@®)B = b [¢* - <€>>]

3) estimatesof parameterb, deducedfrom linear regressionsare reasonablystable for the
different cycles of th&RM but are surprisinglyscatteredor the different pseudo-cyclesf
the GM

4) the regressionperformedover the whole ERM data set yield b =0.038 m/degreé The
standarddeviation of the different estimatesobtainedfor individual ERM cyclesis 0.01.
Assumingthat theseindividual estimatesare independentthe standarddeviation of the

estimate deduced from the whole ERM (44 cycles) is Q1L 0.0015.
5) the above-mentioneéstimateof b appeardo be valid for most, but not all, GM pseudo-
cycles.

We thus recommend to apply the following residual attitude bias correction to all ERM data :

SATB = 0.038 2 - 0.45] 8)

For the GM, correction(7) is generally recommendedbut its effect should be carefully
evaluated on a case by case basis.
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5. DETERMINATION OF THE SEA STATE BIAS

As describedn sectionl.2, we will now try to find the SSB model of the genericform (2),
with the smallespossiblenumberof adjustablgparametersndthatyields residualsof regres-
sion (3) as little correlated as possible with SWH and U.

Regressiongre performedusing rangedatathat have beencorrectedfor the residualattitude
bias (8). As previously mentioned,the modeledattitude bias is almost entirely decorrelated
from SWH and U. Therefore, applying or not this correction has no signifropatton SSB

estimation.Conversely the SSB estimatesobtainedhere are valid whetheror not the 6ATB

correction is applied

After JATB correction, the variance &iSSH’is 199.61cm?, for the whole dataset. Thatis a

standard deviation of 14.dm. Justto havean ideaof the maximumamountof varianceone
can hopeto explain with SSB modelslike (2), we performedregression(3) with the full
6—parametemodel. Using the so-determinedSSB correction,the varianceof the crossover
differences goes down to 185.10°¢standard deviatioof 13.6 cm). The varianceexplained
is thus 14.51 cAyor 3.8 cm rms.

5.1 ONE-PARAMETER MODEL

5.1.1 Parameter estimates
Regression (3) performed with teenple BM1 model (2), yields & = -0.024. Thatis a SSB

equalto -2.4 % of SWH. This is somewhatarger (i.e. more negative)than the -2 % value
obtained for TOPEX (Gaspar ak, 1994) but consistenwith the previouslypublishedvalues
of the GEOSAT SSB (between-1 and-3.6 % of SWH accordingto the review of Ray and
Koblinsky, 1991). This uncertaintywas mostly due to the presenceof relatively large orbit
errors in the first versions of the GEOSAT GDRs. This error hashe@ndrasticallyreduced
and estimates of @educedrom regressionperformedon individual cyclesor pseudo-cycles
exhibit a relatively low variability (figure 4). This variability tdearly smallerfor GM pseudo-
cycles than for the ERM cycles, agpectedAlso estimatef a, separatelydeducedrom the
GM and ERM data sets are virtually identical, the difference being below 6f1S¥/H. So,
contrary to what was observed with ttesidualattitudebias, the behaviorof the SSB appears
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to bevery stablethroughoutthe whole GEOSAT mission. This is consistentlyobservedn all
analyses performed with the more elaborate models presented in the next sections.

Basedon the estimatesieducedrom individual (pseudo-)cyclesand assuminghat theseare

independent, the uncertainty) (on the estimatef a, obtainedwith the whole datasetis given

by :
—— )

whereOzgy and 0%, arethe variancesof the individual coefficientestimatescomputedover

the ERM and GM respectively. In this case, the resulting valadsoft 10",

5.1.2 Variance explained

With the simple BM1 SSB correction,the varianceof the crossoverdifferencesgoesdown to
187.35 cm  Thevarianceexplainedby BM1 is thus12.26 cm2, thatis 84 % of the variance
explainedby the full 6-parametemodel. Unfortunatelythe simple BM1 model still leaves

regression residuals that are strongly correlatigiol both ASWH and AU, asshownin Figure

5. It is thususefulto investigatemore elaboratenodelsevenif the expectedeductionin the
variance of the crossover differences is relatively small. The variance explained by adlri¢t, 3-
4-parameter models is presented in table 1. The model results and model ranking is discussed
the following paragraphs.

5.2 TWO-PARAMETER MODELS

Among the 2-parametemodels,two solutionsare clearly aheadand closeto atie in terms of
explained variance. These are the models using’@W8WH asthe secondregressor. The
situationwas the samewith TOPEX and POSEIDONdata. The SWH® solution was finally
selected as the model coefficients were better determined (i.e. benadl@runcertainty). This
is also the case with GEOSAT data. The best 2-parameter BRIG) (whereG standsfor
GEOSAT) is:

SSB, = SWH [-0.035 + 0.00018 SWAH (10)
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Basedon (9), the uncertaintiego) on the first and secondcoefficientsare6 10* and6 10° ,

respectively.

Relation(10) simply expresseshat the relative bias (SSB/SWH) of GEOSAT increaseq;i.e.
becomes less negativehen SWH increases. This wasfirst observedoy Witter and Chelton
(1991b). TOPEX and POSEIDON SSBs behave the same way (Gaspat @4l;,Chelton,
1994).

The regression residuals for BM2(G) are shown in figure 6. Like for TO&EMP OSEIDON,
it is clearthatthe SWH® term addedto the BM1 modelsignificantly reduceshe SWH-related
variationsin the residuals. Mean residualsare very small (below 5 mm in absolutevalue)

exceptfor ASWH < -3 m. Crossoveratawith suchvery negativevaluesof ASWH arefew
(lessthan2.5 % of the whole dataset). The meanresidualssortedaccordingto AU are also

small but exhibit a very cleartrendas a function of AU. This leadsus to go one stepfurther

and consider 3-parameter models.

5.3 THREE-PARAMETER MODELS

In terms of explained variance (table 1), one model is very clearly aheadoestizssparameter
model, BM3(G) reads

SSBn = SWH[ay + & U + & SWH U] (11)

The coefficient estimates with their uncertainties} are :

a,=-0.0250t 6 10*; %= -0.0014% 4 10°; 9 = 0.00026 5 10°

The regressiorresidualsare plottedin figure 7. They arevery small both when binnedas a

function of AU and as a function of ASWH. Mean valuesare generallybelow 5 mm and

always below the centimeter levelhe explainedvarianceis 14.16 cm2, thatis over 97 % of
the varianceexplainedby the full 6-parametemrmodel. It thus appearsthat we have now
identified a suitableSSB modelfor the GEOSAT data.This is the model we recommendor
use. The corresponding relative bias is plotted in figure 8.
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A bit surprisingly, the formulation of BM3(G) is (slightly) different from tfeemulation of the
best 3-parametemodel for TOPEX and POSEIDON (BM3(T) and BM3(P)) identified by
Gasparet al. (1994)andChelton(1994). A small differencebetweenthe processingof the
TOPEX-POSEIDONand GEOSAT datais worth mentioning. For GEOSAT data, the wind
speedis computed with the Freilich and Challenor algorithm (1994). For TOPEX-
POSEIDON,it is computedwith the Modified Chelton-Wentz(MCW) algorithm (Witter and
Chelton, 1991a). The corresponding differencwiind speedestimationis relatively small but
we neverthelescheckedthat it does not significantly affect our results. To this aim, we
performed series of regressions with all possible 3-parameter models uding\talgorithm
insteadof Freilich and Challenor (1994). The results are very close to those previously
obtained :

* BMB3(G), with an explainedvarianceof 14.19 cm2, clearly remainsthe best 3-parameter
model.

» The new estimates of ti@&M3(G) parametersre well within the error barsof the previous
estimates obtained with the Freilich and Challenor (1994) algorithm.

This clearly indicates that the skill of BM3(G) is, by no means, related to the chaievahd
speedalgorithm. The differencein the formulation of BM3(G) and BM3(T/P) thus remains
intriguing and worth a small discussion.

5.4 DISCUSSION

The difference betweenBM3(G) and BM3(T/P) is in the last term only : SWHU for
GEOSAT,SWHU? for TOPEX and POSEIDON.Interestingly,(11) was the secondbest 3-
parametermodel for TOPEX and POSEIDON (Gasparet al., 1994), while the BM3(T)
formulation comes second amongstthe GEOSAT 3-parametermodels. These are thus
relatively good models for the 3 altimeteesenif the SSB behaviorthat they simulateis a bit
different :

1) The relative bias of the well-known BM3 (odel, first proposedoy Hevizi etal. (1993),
is a quadratic functionf U only : the simulatedrelative bias decrease$i.e. becomesnore
negative)with U for wind speedsup to about10 m/s and then increasesat higher wind
speeds.

2) The relative bias of the BM3(G) model is a function of both U and SWWhe coefficienta,
being positive, the relative bias always increasesvith SWH. This mimics the behavior
simulatedby BM2. On the otherhand, the relative bias varieswith wind speedat a rate
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equal to g+ as SWH. This rate of change is negative for SWH < 7.2% oriterion thatis
nearly alwaysverified (over 98.5 % of the SWH measurements our dataset are below
7.25 m). This decrease of thelative biaswith increasingwind speedis also simulatedby
BM3(T), but only at wind speeds beldl® m/s. At higherwind speedBM3(T) simulates
anincreaseof therelativebias. With BM3(G), this can only occur at exceptionallyhigh
wave heights (that are generally associated with high wind speeds !).

To summarizepne canidentify 3 characteristidoehaviorsof the relative bias simulatedby 3-
parameter models of the BM3(T) and/or BM3(G) type :

[1] an increase of the relative bias with SWH

[2] a decrease of the relative bias with U at moderate wind speeds (say below 10 m/s)
[3] an increase of the relative bias with U at high wind speeds

BM3(G) simulates [1] and [2] while BM3(T9imulateq2] and[3]. Behavior[1] is known to
be presentin TOPEX and POSEIDONdata(Gasparetal., 1994 ; Chelton,1994). But a 3-
parametermodel simply cannotsimulate [1], [2] and [3], all together.This is why a 4-
parameter model, BM4(T), was developed to simulate the TOPEX SSB.

For GEOSAT, we have just showed that a 3-parameter muatedjmulating[3], is sufficient.
Does this mean that the GEOSAT relative bias datincreasewith U at high wind speeds ?
This can be checkeaaksing a non-parametricSSB estimationtechnique(Rodriguezand Martin,
1994 ; seethis paperfor a detaileddescriptionof the method). The estimationprinciple is
simple; the SSB is written under the form :

SSB, = SWH f(U) (12)

where the functiori(U), therelativebias, is not analytically specifiedbut evaluatecat discrete
intervals,i.e. for a setof regularly sampledvaluesof U : U, i= 1,n. The unknown of the
estimationprocessarethusthe n discretevaluesf(U,). The main advantageof this methodis
that no a priorassumptionis madeon the shapeof f. Rodriguezand Martin (1994)first used
this techniqueto analyzethe behaviorof the TOPEX SSB. Their resultsconfirmed that the
TOPEX relative bias closely followed a quadraticlaw in U, as simulatedby the parametric
model BM3(T). We haveperformedthe sametype of analysiswith the whole GEOSAT data
set. Valuesof f(U) areestimatedat 2 m/s intervalsin the rangel.5 m/s<U<19.5m/s. The
result is presented in figure 9 he figure clearly showsthat the relative biasindeeddecreases
for wind speeds up to 9.5 m/s and then increases, bustovyy, at higherwind speedsThe
rate of decrease is about 3 times smaller thamate of increase. This asymmetricbehavioris
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not well represented byguadraticlaw. This is probablywhy a modellike BM3(T) doesnot
perform very well with GEOSAT data. Figure 9 also revealsthat BM3(G) is not totally
adequateas it cannotsimulatethe (weak) increaseof the relative bias at high wind speeds.
Interestingly,table 1 showsthat the best4-parametemodel, BM4(G) containsthe 3 termsof
BM3(G) plus a SWH Bterm that actually yieldthis increaseof the relative bias at high wind
speeds. Adding this teradoesnot appearto be justified hereasit providesno clearimprove-
mentof the regressiorresiduals. In addition, the differencesbetweenSSBs estimatedwith
BM3(G) or with BM4(G) are generally very small. For the whole datalsemeandifference
is 6 mm witha standarddeviationof only 4 mm. We arethus generallybelow the centimeter
level.

Analysis and Estimation of the GEOSAT Sea State Bias 14



6. SUMMARY AND CONCLUSION

The new JGM3 GDRs (Cheney,1996) have beenusedto analyzeand estimatethe GEOSAT
SSB. The analysisis basedon a crossoverdataset coveringover 3.5 years,including the
whole GM and most of the ERM. The SSB determination method is the one previseglyy
Gaspar et al. (1994) to estimate the TOPEX and POSEIDON SSB. The main results are:

1.The GEOSAT SSB is well represented by the following 3-parameter linear model:

SSBy = SWH[-0.025 - 0.00145 U + 0.00020 SWH U

2 . GEOSAT data contain a residual attitude bdsT®) that is generally well modeled

by:
SATB = 0.038 E? - 0.45]

This estimate is valid for all ERM datdt is generallyvalid for the GM, with the exception
of a few pseudo-cyclesThe effect of this correctionshould thus be carefully evaluated
when using it with GM data.

3. Theresidualattitudebias correctionis not significantly correlatedwith the SSB correction.

Therefore thgoroposedSSB correctioncanalwaysbe used,whetheror not the SATB cor-

rection is applied.

The above mentionedSSB and residual attitude bias correctionsare now featuredin the
GEOSAT JGM3 GDRs.
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SWH SWH* |SWH® [SWH U|[SWH U“| SWH“U| Variance explained (cm2)
2-parameter models
X X 12.27
X 12.40
X X 12.56
X X 13.26
X X 13.30
3-parameter models
X X X 13.30
X X X 13.35
X X X 13.37
X X X 13.38
.. X X X 13.39
X X X 13.41
X X X 13.65
X X X 13.66
X X X 13.69
X X X 14.16
4-parameter models
X X X X 13.39
X X X X 13.42
X X X X 13.42
X X X X 13.43
X X X X 13.67
X X X X 14.21
X X X X 14.24
X X X X 14.43
X X X X 14.44
X X X X 14.50

Table 1 : Varianceof the GEOSAT crossoverdifferencesexplainedby the 2-,3- and 4-
parameteiSSB models.Crossedandicatethe termsof the full model (2) that have
been retained.
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Figure 1: GEOSAT mean crossover differences before SSB correction as a function of (a) A SWH,

(b) A U and (c) AE. The squares show averages computed on bins of width tm for A SWH,
1m/s for A U and 0.1° for AE.
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Figure 2: Mean residuals of regression (6) as a function of AE . The squares show averages computed .
on A bins of 0.1°.
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Figure 3 : Estimates of parameter b deduced from regression (7) performed over individual

(pseudo-)cycles. ERM cycles are number 1 to 44. GM pseudo-cycles are number 45 to 68.
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Figure 4 : Estimates of a, (in % of SWH) deduced from regressions performed with the BM1 model over
individual (pseudo-)cycles. ‘
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Figure 5: Mean regression residuals for BM1 as a function of (a) A SWH and () A U. Asin figure 1,

means are computed on bins of width 1 m for A SWH and im/s for A U.
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Figure 6: As in figure S but for BM2(G) (equation (10)).
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Figure 7: As in figure S, but for BM3(G) (equation (11)).
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Figure 8: Relative bias (% SWH) for the BM3(G) model.

The shading outlines the region with little or no data coverage; 95% of the (SWH, U)
measurements are in the not-shared area.
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Figure 9: Relative bias as a function of wind speed determined by the non-parametric method.



